Resistance to fenvalerate was examined in a laboratory-selected population of the diamondback moth, Plutella xylostella, during exposure through 10 generations. Selection results showed that LD 50 values rose from 0.003 mg per larva to 31.1 mg per larva and 36.7 mg per larva respectively, in replications 1 and 2 during those 10 generations. Resistant line moth eggs were significantly smaller than those of moths before selection. Therefore, we selected a subpopulation of resistant lines under harsh environmental conditions of low humidity and high temperature, over 10 generations (Harsh line) without insecticide exposure. We selected another subpopulation of resistant lines under optimal environmental conditions of high humidity and normal temperature through all 10 generations (Optimal line). After 10 generations, the LD 50 of fenvalerate decreased to 0.03 mg per larva and 0.02 mg per larva under harsh conditions and 0.2 mg per larva and 0.29 mg per larva under optimal conditions. The LD 50 values were lower for the Harsh lines than for the Optimal lines in all generations. The egg size of both lines increased gradually through 10 generations. Comparisons of these two lines showed that the egg size increased more rapidly in the Harsh lines than in Optimal lines in early (first-sixth) generations. In subsequent generations, egg sizes were nearly normal in both lines. Comparison of immature survivability of Harsh and Optimal lines reared under those conditions showed that the survivability of Harsh line individuals was significantly lower than for Optimal lines. Comparison of the two lines' survivability showed an opposite result from the comparison when they were reared under equivalent optimal conditions. These results suggest that susceptibility to insecticides might recover more quickly in Harsh lines than in Optimal lines because resistant insects with small eggs had lower survivability than susceptible insects with normal eggs. They were eliminated more rapidly under harsh environmental conditions.
INTRODUCTION
The diamondback moth (DBM) Plutella xylostella is a major pest of cabbage and other cruciferous crops throughout the world (Talekar and Shelton, 1993) . The DBM is also known to develop resistance to various insecticides (Miyata et al., 1986) . For example, the resistance levels of DBMs selected using LD 50 equivalent doses of fenvalerate (a synthetic pyrethroid) for 10 generations were estimated as 4,500 times (Tsukahara et al., 2003) and 10,000 times (Sota et al., 1998 ) the levels before selection. On the other hand, susceptibility to insecticide apparently recovers after insecticidal selection for resistant DBMs ceases (Hama, 1989) . For pest insect control, it is important to determine the relationship between the development of resistance and recovery of susceptibility to insecticide.
It is generally considered that resistant genes induce antagonistic pleiotropy for reproductive traits in insects (McKenzie and Batterham, 1994; Arnaud et al., 2002) ; however, it is still unknown how these resistant genes are genetically correlated with the traits in resistant insects. Chen and Nakasuji (2004) showed that the eggs of resistant lines selected by sub-lethal doses of fenvalerate were significantly smaller than those of a non-selected line through eight generations in DBMs. This observa-tion led us to hypothesize that small eggs laid by resistant individuals engender low fitness of offspring without insecticide selection pressure. Consequently, a susceptible population might replace the resistant population. Egg size is considered to be a maternal effect that influences the life history traits of insects. Our previous study (Chen et al., 2006) , however, suggested that egg size might affect biotic performance, e.g. survivability of premature insects, but not strongly. This result might be attributable to the fact that rearing conditions of 25°C and high humidity are optimal environmental conditions for DBMs in incubators (Fujiwara et al., 2002) . Even if individuals hatched from small eggs are infirm, they can typically survive or at least live longer than under usual conditions. Fujiwara et al. (2002) showed that small egg size caused by spraying with insecticide often decreases the survival rate of offspring under harsh environmental conditions of low humidity and high temperature. It is probable that DBM individuals experience various harsh environments in the field, e.g. during mid-summer. It is necessary to determine whether environmental conditions affect the dynamics of resistance traits and egg size to elucidate the mechanism of recovery of susceptibility to insecticides in the field.
Fenvalerate-resistant lines were established in our laboratory, and their LD 50 values were more than 10,000 times those of susceptible DBM lines. Using those resistant lines, we examined the recovery of susceptibility to fenvalerate through 10 generations without insecticide selection under both harsh-rearing (Harsh lines) and optimal-rearing conditions (Optimal lines), and measured their egg size. Offspring of Harsh lines were also reared individually; their biotic performance was measured under optimal conditions for comparison with those of Optimal lines.
MATERIALS AND METHODS
Insect stock culture and resistant selected lines. An insecticide-susceptible strain of DBMs was obtained from a laboratory colony maintained at the Sumitomo Chemical Co., Ltd., Japan in 1998. The strain has been maintained at our laboratory at Okayama University since 1998 without insecticidal selection. Resistant lines of the DBM were established from susceptible lines through selection with a sub-lethal dose of fenvalerate, LD 50 . To conduct the selection experiment, 200 fourth-instar larvae were tested and their LD 50 values were monitored each generation using a method described in detail by Chen and Nakasuji (2004) . An LD 50 equivalent dose of the insecticide was applied to 400 fourth-instar larvae of the new generation. The surviving larvae were reared until adult eclosion and then those adults were mated randomly. These selection treatments were continued through 10 generations. Resistance selection was replicated two times as resistant lines 1 and 2. The susceptible line was also maintained at a similar population size and density corresponding to each of the resistant lines without fenvalerate selection, but treated with acetone at every generation. The resistance ratio was calculated by the formula, LD 50 value of resistant line/ LD 50 value of susceptible line.
Selection under harsh and optimal environmental conditions. Reportedly, small eggs exhibit lower viability under harsh environmental conditions of lower humidity and high temperature (Fujiwara et al., 2002) . Therefore, we investigated the respective dynamics of recovery of susceptibility, egg sizes, and biotic performance of "Harsh lines'' and "Optimal lines'' that were selected respectively under the following harsh and optimal environmental conditions.
Harsh lines. About 1000 eggs laid by resistant females of a resistant population, resistant line 1, were transferred in plastic cases (15 cmϫ26 cmϫ 8 cm) and were reared until hatching under low humidity 29% (NaCl saturated solution) and normal temperature 25°C. The hatched larvae were reared under high-temperature conditions at 31°C and optimal humidity of 79% (calcium-acetate-saturated monohydrate solution). After adult eclosion, the adults were mated randomly at 25°C. About 1,000 eggs laid by adults were then selected randomly, transferred to plastic cups and reared until adult eclosion under optimal environmental conditions: humidity of 79% and normal temperature 25°C. This optimal treatment was conducted to bring the small population size under the previous harsh conditions back to a sufficiently large population. These two rearing treatments were conducted alternately through 10 generations so that the harsh condition treatment was conducted in odd generations: first, third, fifth, seventh and ninth genera-tions. The optimal condition treatment was performed in even generations: second, fourth, sixth, eighth and tenth generations (Fig. 1 ). This rearing group was called the Harsh line.
Optimal lines. Along with the foundation of the Harsh line, about 1,000 other eggs laid by resistant females of resistant line 1 were reared until adult eclosion under optimal conditions, as described above. Adult females were mated randomly with males under optimal conditions and subsequently laid eggs. This rearing treatment was conducted repeatedly through 10 generations. This rearing group was called the Optimal line (Fig. 1) .
All individuals were reared under 16L8D. Fourth-instar larvae were also used to measure fenvalerate susceptibility in every generation in order to facilitate comparison of the two lines. The eggs laid by females of Harsh and Optimal lines were also measured on the first day of oviposition in every generation. Hatchability of eggs and survivability of immature stages were measured in odd generations and compared between the two lines. These rearing treatments and measurements were replicated using the other resistant population: Resistant line 2. These two replications of the paired lines, Harsh and Optimal lines, were designated as Replications 1 and 2.
Comparison of biotic performances of Harsh and Optimal lines reared under optimal conditions. To determine whether biotic performance was different between Harsh and Optimal lines reared under the same optimal conditions, we selected about 200 larvae randomly from each population in Harsh and Optimal lines in the second, fourth, sixth, eighth and tenth generations. Subsequently, we transferred them individually into plastic cups (diameter 6.5 cm, height 4 cm). All were reared under optimal environmental conditions, as described above, until adult eclosion. The adult females were mated randomly with males. Eggs were laid throughout the females' lifetime under the same conditions. Their developmental time during immature stages, pupal weight, survivability of immature stage, adult longevity of females and males and the number and size of eggs were measured ( Fig. 1 ). This treatment was not conducted in sixth and eighth generations in Replications 1 and 2, respectively, because the population size was too small.
Statistical analysis. All egg size and biotic performance data were treated separately. They were divided into odd and even generation groups to facilitate comparison between Harsh and Optimal lines because the Harsh lines were reared under different environmental conditions in odd and even generations. Egg size and biotic performance data, except survival rates and hatchability, were analyzed using three-way mixed model ANOVA (line (fixed effect)ϫgeneration (fixed effect)ϫreplica-tion (random effect)). Second-or first-order interactions were removed from the analytical model if they were not significant (Sokal and Rohlf, 1995) . If data of second-or first-order interactions among the three factors were significant, the data were tested by two-way or one-way ANOVA in each generation and replication (Sokal and Rohlf, 1995) . Survival rates and hatchability were analyzed using logistic regression analyses (main factors: line, generation and replication). These interactions were conduced according to the procedures described above. Analyses were performed using SPSS ver. 11 (SPSS Inc., Japan).
RESULTS
The LD 50 values of susceptible lines were about 30ϫ10 Ϫ4 mg per larva in the tenth generation (Fig.  2) . The LD 50 values of respective resistant lines increased gradually in the course of selection with fenvalerate (Fig. 2) . The values were 31.1 mg per larva and 36.7 mg per larva, respectively, in the tenth generation in resistant lines 1 and 2 (Fig. 2) . Resistance ratios increased up to about 10,358 times and 12,231 times in the tenth generation of resistant lines 1 and 2, respectively. The ratios were nearly equal to those reported by Sota et al. (1998) and Tsukahara et al. (2003) .
The recovery speed of susceptibility was different between two different experimental lines reared under harsh and optimal environmental conditions. The LD 50 values of Harsh lines declined more rapidly than those of Optimal lines through all 10 generations in both Replication lines 1 and 2 (Fig. 3) . Finally, the LD 50 value of Harsh lines declined from 31.1 mg per larva and 36.7 mg per larva to 0.03 mg per larva and 0.02 mg per larva, respectively, in Replications 1 and 2 in the tenth generation (Fig. 3) . Those of Optimal lines declined to 0.20 mg per larva and 0.29 mg per larva in Replications 1 and 2, respectively, in the tenth generation (Fig. 3) .
Reportedly, resistant females laid smaller eggs (ca. 1.10ϫ10
Ϫ2 mm 3 ) than susceptible females (ca. 1.30ϫ10
Ϫ2 mm 3 ) in the tenth generation selected by a sub-lethal dose of fenvalerate (Chen et al., 2006) . In our study, the respective egg sizes of resistant lines 1 and 2 decreased to ca. 1.10ϫ10 Ϫ2 mm 3 . After fenvalerate selection, the sizes of eggs laid by resistant females increased gradually through 10 generations in both Harsh and Optimal lines in Replications 1 and 2 (Fig. 4) . Since the lineϫgeneration (Fϭ6.39, pϽ0.01), the generationϫreplication (Fϭ4.07, p<0.01), the lineϫrepli-cation (Fϭ3.95, pϽ0.05) interactions were signifi- cant in odd generations, the egg sizes were compared for Harsh and Optimal lines in each treatment and generation (Fig. 4) (Fig.  4) . In the second, fourth and sixth generations, egg sizes were significantly larger in Harsh lines than in Optimal lines in both Replications 1 and 2 (Fϭ12.69, pϽ0.01 in the second generation; Fϭ 13.54, pϽ0.01 in the fourth generation; Fϭ7.78, pϽ0.01 in the sixth generation). In summary, the eggs of Harsh lines were significantly larger than those of Optimal lines in early generations (second, third, fourth and sixth) in both Replications 1 and 2 (Fig. 4) . In the other generations (first, seventh, eighth, ninth and tenth generation), egg size was not significantly different between Harsh and Optimal lines in Replications 1 or 2 (Fig. 4) .
Hatchability (Fig. 5 ) and survival rates (Fig. 6 ) were significantly lower for Harsh lines than for Optimal lines in all odd generations when Harsh lines were reared under harsh environmental conditions, whereas Optimal lines were reared under optimal conditions (logistic regression analysis: pϽ 0.001 in all cases). On the other hand, survivability was significantly higher for Harsh lines than for Optimal lines in all even generations when both Harsh and Optimal lines were reared under identical optimal conditions (logistic regression analysis: pϽ0.05 in all cases) (Fig. 7) . Egg sizes of females reared individually in Harsh lines were significantly larger than those of Optimal lines in second (Fϭ34.30, pϽ0.01) and fourth generations in Replication 1 (Fϭ22.90, pϽ0.01). Furthermore, those of the Harsh line were larger than those of Optimal lines in the sixth generation although with only slight statistical significance (Fϭ3.64, pϭ0.058). In summary, it is likely that the eggs of females reared individually in Harsh lines were also larger than those of Optimal lines in early generations (Fig. 8) . The remaining indicators of biotic performance except the pupal weight of females in Replication 1 were not significantly different between Harsh and Optimal lines in both Replications 1 and 2 (Table 1) .
DISCUSSION
Our experimental (DBM) strains gained an extremely high resistant rate, more than 10,000-fold, in the tenth generation under fenvalerate selection in both replications. Two major mechanisms of pyrethroid resistance are found in many resistant insects, i.e. increased metabolic detoxification of pyrethroid including fenvalerate, and structural modification of pyrethroid target sites. Cytochrome P450-dependent monooxygenases are well known to be a common mechanism of metabolic-resistant systems in various insect species including Lepidoptera, e.g. the tobacco budworm Heliothis virescens and the cotton bollworm Helicoverpa armigera (Scott, 1999) . It is likely that cytochrome P450s might participate in metabolic detoxification to fenvalerate (Cheng, 1988) , although it remains to be seen whether they are one of the main regulation systems of resistance in DBM. Furthermore, the structuraly modified components were observed to be sodium channel proteins of the nervouse system, known as the primary target site of pyrethroid insecticide in many resistant insect species, and some of the components are termed knock-down resistant (kdr) or super kdr mutants which reduce nerve sensitivity (Soderlund and Knipple, 2003) . Some point mutations causing amino acid substitutes also existed in the sodium channel protein coding regions in resistant strains of DBM (Schuler et al., 1998; Tsukakara et al., 2003; Kwon et al., 2004 ). The two mechanisms, i.e. metabolic detoxification and structural modification of target sites, might interact with each other, causing the level of fenvalerate resistance to become enormously high in DBM as well as other pest insects.
Some pest insects recover susceptibility to insecticides without insecticide sprays (Georghiou, 1963; Sawicki et al., 1980; Strong et al., 1990; Lenormand and Raymond, 1998; Sayyed et al., 2000) ; however, little information is available regarding the recovery of susceptibility of populations under various environmental conditions. In this study, the LD 50 values of Harsh lines decreased more rapidly than those of Optimal lines through 10 generations (Fig. 3) . This result indicates that resistant individuals were eliminated intensively by harsh environmental pressure. Hatchability and survivability of the immature stage were lower for Harsh lines than for Optimal lines under different environmental conditions in odd generations (Figs. 5 and 6). However, survivability was higher in Harsh lines than in Optimal lines under equivalent optimal environmental conditions in even generations (Fig. 7) . These results suggest that the low humidity for eggs and high temperature for larvae and pupae strongly select against insects with less survival performance. It is likely that insects repeatedly experience harsh environmental conditions, such as low humidity or high temperature, during the summer season in the field. Resistance gene(s) are known to act as antagonistic pleiotropy for fitness traits in insects (McKenzie and Batterham, 1994; Arnaud et al., 2002) . For instance, resistance genes of Bacillus thuringiensis (Bt) toxins affect negatively survivability over winter in the southern house mosquito Culex pipiens (Chevillon et al., 1997) . Cytochrome P450s and glutathione Stransferase metabolic systems were observed to 646 X. D. CHEN et al. show major xenobiotic detoxification against diflubensuron in the codling moth Cydia pomonella, and its resistant genes decreased in the field population after absence of the insecticide, which suggests that resistance has a fitness cost (Boivin et al., 2003) . Nerve-insensitive resistance was also associated with a fitness cost in H. virescens (McCaffery et al., 1999) . Foster et al. (2003) showed that single point mutations conferring kdr genes modify the behavior of resistant insects and result in deleterious pleiotropic effects on the insects in the peach-potato aphid Myzus persicae and the house fly Musca domestica. It was reported, however, that kdr genes do not have high fitness costs in the field population of DBM in Korea (Kwon et al., 2004) . The results of this study, suggest that resistant genes are correlated with miniaturization of eggs and induce a major fitness costs under harsh environmental conditions. Although P450-depandent metabolic systems are still unknown to operate antagonistic effects on resistance in DBM, the system has many functional roles, such as development, growth, activity and so on in several insect species (Scott, 1999) . It is interesting to investigate the dynamics of resistance genes concerning P450s in DBM resistant population to understand the mechanisms of rapid recovery of susceptibility in the field.
Fitness costs associated with resistant genes in the absence of insecticides are observed for numerous characteristics including life-history traits (Carriére et al., 1994; Hollingsworth et al., 1997; Alyokhin and Ferro, 1999) , diapause induction (Carriére et al., 1995) , mating ability (Alyokhin and Ferro, 1999) , and predator avoidance (Rowland, 1991) . Our previous study (Chen and Nakasuji, 2004) showed that eggs were miniaturized by insecticide selection in DBMs. Furthermore, egg size was a maternal inheritable trait (Chen et al., 2006) . Small eggs reportedly correlated with low viability of offspring under harsh environmental conditions such as low humidity and high temperature (Fujiwara et al., 2002) . In this study, the lineϫgeneration interactions of egg size were shown to be significant in both odd and even generations. The results showed that the rate of size recovery was different between Harsh and Optimal lines. In summary, the egg sizes of Harsh lines increased more rapidly than those of Optimal lines through early selections (second, third, fourth and sixth generations; Fig. 4 ). Low humidity and high temperature should select against insects of small egg size. Egg sizes were not considerably different between Harsh and Optimal lines in later generations (fifth, seventh, eighth, ninth and tenth generations; Fig. 4 ) because the egg sizes of both lines were closer to that of the original susceptible population and also reached a plateau in later generations. Although it remains unclear whether close genetic relationships exist between resistance and egg size (Chen et al., 2006) , resistant individuals hatched from small eggs are eliminated quickly from resistant populations under harsh environmental conditions. Therefore, susceptibility to insecticides recovered more quickly in Harsh lines than in Optimal lines in early generations free from insecticide pressure.
Miniaturization of eggs was repeatedly observed in DBM resistant populations in several studies (Fujiwara et al., 2002; Chen and Nakasuji, 2004; Chen et al., 2006) as in our study. The DBM individuals used in these studies fundamentally originated from an insecticide-susceptible population maintained at Sumitomo Chemical Co. Ltd., although the stock cultures were established at different times and insecticide selections were conducted independently among these studies. Thus, to determine whether antagonistic pleiotropy is a general phenomenon in DBM around the world, it is necessary to investigate the relationship between resistance level and egg size in DBM originating from some other populations.
The remaining indicators of biotic performance (developmental time, pupal weight, fecundity and adult longevity), aside from the pupal weight of females in Replication 1, were not different for Harsh and Optimal lines (Table 1) . Little difference in these biological parameters might be attributable to the fact that insects were reared under optimal conditions where they were able to develop sufficiently. We should compare traits between Hash and Optimal lines when insects of both lines are reared under harsh environmental conditions opposite to those applied in this experimental treatment.
It is probable that great resistance to insecticide in the insect population is generally associated with reduced fitness, particularly under harsh environmental conditions. This study suggested that the survival cost of resistance increases under harsh environmental conditions in the absence of insecti-cides (Crow, 1957) . This knowledge of resistance costs would be useful for designing management strategies against resistance.
